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ABSTRACT

Objective. The convergence of optogenetic and large-scale neural recording technologies opens
enormous opportunities for studying brain function. However, compared to the widespread use
of optogenetics or recordings as standalone methods, the joint use of these techniques in
behaving animals is much less well developed. A simple but poorly scalable solution has been
to implant conventional optical fibers together with extracellular microelectrodes. A more
promising approach has been to combine microfabricated light emission sources with
multielectrode arrays. However, a challenge remains in how to compactly and scalably integrate
optical output and electronic readout structures on the same device. Here we took a step toward
addressing this issue by using nanofabrication techniques to develop a novel implantable
optoelectronic probe. Approach. This device contains multiple photonic grating couplers
connected with waveguides for out-of-plane light emission, monolithically integrated with a
microlectrode array on the same silicon substrate. To demonstrate the device’s operation in vivo,
we record cortical activity from awake head-restrained mice. Main results. We first characterize
photo-stimulation effects on electrophysiological signals. We then assess the probe’s ability to
both optogenetically stimulate and electrically record neural firing. Significance. This device relies
on nanofabrication techniques to integrate optical stimulation and electrical readout functions on
the same structure. Due to the device miniaturization capabilities inherent to nanofabrication, this
optoelectronic probe technology can be further scaled to increase the throughput of manipulating

and recording neural dynamics.
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1. INTRODUCTION
The development of optogenetics represents one of the most significant technical advances in
neuroscience in recent decades [1]. It has transformed our ability to manipulate genetically and
anatomically defined brain circuits with high temporal precision, and to causally examine how
those circuits contribute to behavior [2]. Just as importantly, it has, in combination with
complementary approaches, provided ways to greatly enhance our understanding of neural
dynamics during behavior [3]. For example, together with in vivo electrophysiology, optogenetics
enables identification of specific cell types via photo-tagging [4]. Additionally, optogenetic
perturbations can be used to causally examine the influence of specific brain circuit elements or
pathways on neural dynamics and computation [5]. A prerequisite for such applications is the
ability to simultaneously deliver light and monitor the resulting changes in neural activity in vivo.
Efforts to develop such multifunctional tools began to be underway shortly after the introduction
of optogenetics, and have grown steadily since then [6]. On one hand, a simple approach has
been to attach conventional optical fibers to microlectrodes [7-13]. While this has the advantage
of being straightforward to construct, it has several limitations with regard to scalability, tissue
damage if both optical fibers and electrodes are inserted in the same brain region, and the ability
to control the geometry of light emission. On the other hand, micro and nanofabrication
techniques offer the prospect of manufacturing compact, scalable and fully integrated
optoelectronic probes [14]. There has already been substantial progress in this area. A number
of approaches for combining miniature light sources with electrodes have been demonstrated,
including microfabricated waveguides [15, 16] and light emitting diodes (LEDs) [17, 18]. However,
the widespread adoption of such monolithically integrated systems remains limited, suggesting
there may be a need to further improve certain aspects of optoelectronic probe technology.

Here we address one such need, that the probes be scalable to large numbers of recording
sites that are within effective range of a light source. Microfabricated multielectrode technology

(e.g., silicon probes) has advanced to the level of hundreds of recording sites, providing
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simultaneous measurements of hundreds of neurons from behaving mice [19, 20]. We anticipate
that if such multielectrode arrays could be integrated with multiple local light delivery systems, this
would dramatically enhance their functionality [9]. Toward this goal, we introduce a
nanofabricated optoelectronic probe relying on electron beam lithography to pattern 6 sites for
optical stimulation and 40 sites for electrical recording. We demonstrate the operation of this
device in vivo by stimulating and recording neurons in the mouse secondary motor cortex (M2).
This technical advance offers a path to scaling up the recording throughput and light delivery
capabilities of optoelectronic probes using nanofabrication approaches and integrated

nanophotonics technologies.

2. MATERIALS AND METHODS

2.1 Optoelectronic probe fabrication

The device is fabricated through a combination of micromachining and nanofabrication processes.
The implantable silicon prongs contain a layer of photonic structures made of silicon nitride (SiN),
an electrical layer comprising the metallic electrodes and wires, and isolation and encapsulating
layers of silicon dioxide (SiOz). The starting material is a silicon on insulator (SOI) wafer with a
1.2 um thick SiO; layer and a 20 ym thick Si layer. A 1 um thick SiO; layer is thermally grown
and a 200 nm thick layer of stoichiometric silicon nitride (SisN4) is deposited with low-pressure
chemical vapor deposition at a commercial foundry. The finished probe contains 8 layers with a
total prong thickness of 23.5 ym.

The first step of the fabrication process is to pattern the photonic structures [21], including the
grating couplers and waveguides, on the SiN layer with an electron beam lithography tool (Raith
EBPG 5000+) and using ZEP-520A resist. The SiN layer is then etched in an inductively coupled
reactive ion etcher (Oxford ICP-RIE 100) using CHF3; and O, gases. To isolate the photonic

structures from the electrical layer above them, a layer of 1 um thick SiO- is deposited using
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plasma enhanced chemical vapor deposition (PECVD). The electrical layer is fabricated with
another step of electron beam lithography and the lift-off method to pattern electrodes, conduits,
and wire bonding pads comprised of 10 nm thick titanium and 120 nm thick gold. Another layer
of 500 nm thick SiO- is deposited with PECVD as the encapsulating layer to protect the electrical
layer. Windows in the SiO, layer are etched using buffered oxide etchant (BOE) over the
electrodes and pads to expose the gold layer for recording and wire bonding. Subsequently, the
profile of the probe is patterned with UV photolithography and then etched from the top of the
wafer to reach the base of the silicon layer, using RIE with fluorine gases for the SiN and SiO,
layers, and the Bosch process for the silicon layer. To release the probes from the wafer, we
completely etch away the backside of the wafer with the Bosch process using a deep trench
etcher. To do this, the wafer is mounted on another carrier wafer covered with an etch-resistant
polymer coating (ProTEK SR). Finally, the probes are released from the carrier wafer by
dissolving the protection polymer and picked up from the solution with a micro-vacuum picker.
Figure 1 shows the finished probe, with two 5.2 mm long, 100 ym wide implantable prongs
with center-to-center spacing of 200 um, attached to a base for optical and electrical assembly.
Each prong contains 3 optical output grating couplers with a spacing of 300 um which are coupled
to a single waveguide and an optical input grating coupler, in addition to 20 independently
addressable recording electrodes with a spacing of 42 um. The SiN waveguides from the base
to the prong are 6.2 mm long. The waveguide has a width of 300 nm, which supports only the
fundamental transverse-electric (TE) mode because of the relative low refractive index of
stoichiometric SiN of ~1.7. Previously we found that though silicon-rich SiN has a higher refractive
index and lower stress[22], it has a high absorption in the green to blue optical band commonly
used in optogenetics [21]. The three grating couplers are coupled to the waveguide using
directional couplers designed with the coupling efficiency to equally split the optical power. As
shown in Figure 1C, the grating couplers have a uniform grating with a period of 350 nm and a

duty cycle of 80%, optimized for coupling 532 nm light. Using a horn-shaped focusing design,



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

they have a compact footprint of 16 um x 20 um. The size of the electrodes is 20 ym x20 ym
and the exposed window on each electrode, representing the total planar recording surface area,
is 10 yum x 10 um (Figure 1D). The electrodes are connected to the base with 1 um wide electrical
wires, though our use of electron beam lithography allows for the development of submicron wires

[23].

2.2 Probe assembly and optical characterization

To create an electrical and optical interface for the probe it is mounted onto a printed circuit board
(PCB), as shown in Figure 2A. Electrical connections are made with wire bonding. To couple
optical fibers with the planar grating couplers, we used an in-line coupling element (ICE) (PLC
Connections), which is commonly used to interface fiber optics with silicon photonic chips in
telecommunication applications. A 532 nm CW laser (Optoengine LLC) is coupled to a single-
mode polarization-maintaining fiber (Nufern PM460-HP) with a PC connector using an achromatic
fiber collimator (Thorlabs) with a coupling efficiency of 50% (3 dB). The other end of the fiber is
connected to the ICE, which is aligned to the input grating coupler on the base of the probe. Since
the grating coupler is designed to couple the TE mode of the waveguide, a quarter waveplate is
used to optimize the polarization of the output of the ICE to maximize the coupling efficiency. The
ICE is aligned to the input grating coupler with a micromanipulator, while the optical power output
from the other end of the probe is collected with a high numerical aperture objective lens, and
measured with a photodetector (Thorlabs S120C). When optimal alignment is achieved (i.e.,
when the total output power is maximized), a drop of UV curable optical epoxy (Norland NOA 61)
is applied to permanently bond the ICE to the PCB. While the epoxy is curing under UV
illumination, the alignment of the ICE is further finely adjusted to compensate for any shift during
the curing process. We coupled the ICE to the input grating coupler of a single prong, with the
waveguide on the other prong remaining un-illuminated (Figure 2B) as a control. The same

configuration was used during recording. The measured optical output power thus corresponds
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to the total power from 3 grating couplers on one prong (Figure 2B). We estimated the power
from each grating coupler by dividing the total by 3. The grating couplers emit light in collimated
beams with a 10° angle perpendicular to the probe insertion axis (Figure 2C).

Our calibration measurements indicate that the overall transmission efficiency from the laser
to the output end of the probe is about 0.6%, or -22.2 dB. The total optical loss includes 3 dB
coupling loss between the laser and fiber, and 3 dB loss from the fiber to the ICE output. The SiN
waveguide has a measured propagation loss of 3 dB/cm [21] so the total loss in the 6.2 mm long
waveguide can be estimated to be 1.86 dB. Because of its symmetric design, the output grating
couplers emit light in both upward and downward directions out of the plane of the probe, but both
contribute to optical stimulation. They may have small internal reflection back to the waveguide.
Therefore, the majority of the optical loss occurs between the ICE and input grating coupler, which
amounts to about 14 dB. This loss can be reduced significantly with optimized grating coupler
design and more precise ICE alignment during the epoxy curing process. Grating couplers
developed for optical telecommunications has achieved less than 1 dB loss using, for example,
shallow etched gratings [24] and gratings with an overlay layer [25]. Despite the relatively high
overall loss, the probes still deliver sufficient optical power to achieve reliable optogenetic

stimulation.

2.3  Probe electroplating and cleaning

Prior to the first in vivo measurement the recording sites were electroplated with gold to a final
impedance of 0.1 — 0.5 MQ (1,000 Hz) [23]. In a typical probe, we found 38 out of 40 electrodes
to be electrically functional. Between each day of recording, the probe was cleaned by immersing
in trypsin solution (ThermoFisher Scientific) for at least 20 min and then rinsing with deionized

water.
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2.4 Animal surgery

All animal procedures were approved by the University of California, Los Angeles Chancellor’s
Animal Research Committee, and carried out at UCLA. Male C57BL/6J, 8 — 11 week mice were
obtained from The Jackson Laboratory, and group housed in an onsite vivarium with a 12 hr light-
dark cycle until the first surgery, after which they were singly housed. Surgical procedures were
carried out under aseptic conditions and isoflurane anesthesia on a stereotaxic apparatus (Kopf
Instruments). In the first surgery we attached a rectangular stainless steel head mounting bar on
the each side of the skull (laser cut at Fab2Order). Adeno-associated virus (AAV) was obtained
from the University of North Carolina Vector Core. For the Chrimson* and YFP* groups (n = 2
mice per group), we respectively injected 250 nL of undiluted AAV5-Syn-ChrimsonR-tdTomato,
and AAV5-CaMKIlla-eYFP. Injections were carried out in M2 at the coordinates 2.5 mm anterior,
1.5 mm lateral, and 1.2 mm ventral from bregma. Analgesics (ibuprofen) and antibiotics
(amoxicillin) were administered in the drinking water for the first week post-operatively. After 2 —
3 wks to allow time for viral expression, a second surgery under isoflurane anesthesia was
performed to prepare craniotomies for electrophysiological recording. A rectangular craniotomy
was made above M2, and the dura was carefully removed. An additional craniotomy was created
over the posterior cerebellum for placement of a silver/silver-chloride electrical reference wire.
The craniotomies were sealed with a silicone elastomer (Kwik-Cast, World Precision Instruments)
until the time of recording. After a 6 hr recovery period, awake animals were placed on the head
restraint apparatus, and the elastomer sealant was removed from the craniotomies.
Subsequently, the probe was inserted in the brain under the control of a motorized
micromanipulator (Sutter Instruments), at the coordinates 2.4 — 2.5 mm anterior, 1.4 — 1.6 mm
lateral, and 2.0 mm ventral from bregma. Mineral oil was applied on the craniotomy to prevent
drying. In order to increase the total number of recorded units, for each animal we performed
recordings at up to 6 slightly different locations in the same viral injection zone, varying the anterior

and lateral positions by 0.05 — 0.1 mm.
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2.5 Data acquisition and processing

Recordings were carried out in awake head-restrained animals. The optical intensity was
calibrated at the start of each recording session. After inserting the probe we waited 45 min for
tissue to settle before commencing data acquisition. Recordings contained 40 trials at each of 4
different optical output power settings (3.3, 33, 66, 132 pW total across the 3 output grating
couplers, corresponding to 1.1, 11, 22, 44 yW per coupler). Since the surface area of each grating
coupler is 1.68x10* mm?, the corresponding emission intensity at the surface of each grating
coupler is estimated as 6.55, 65.5, 131, 262 mW/mm?. Each trial consisted of a 100 ms
continuous pulse of light, followed by an intertrial interval of 10 s. Electrophysiological signals
were recorded at a sampling rate of 25,000 Hz, amplified (200 x), filtered (0.1 — 8,000 Hz), and
multiplexed (32:1) on a custom head stage described previously [19]. Signals were processed
offline by first removing common background activity and then bandpass filtering. Background
activity was calculated as the average time-varying voltage across all functional electrodes on a
prong. This common signal was then subtracted from the voltage measured at each electrode
located on that prong. The resulting signals were filtered from 600 — 6,500 Hz. Single-unit spike
sorting was carried out using a custom Matlab algorithm developed previously using a spike
template-matching method [19]. Spikes were detected as local voltage minima (threshold of -30

MV, corresponding to a signal-to-noise ratio of at least 4:1).

2.6 Photoelectric artifact correction

A common issue with metallic extracellular electrodes is their sensitivity to light [26, 27]. In our
measurements, after bandpass filtering the signals from 600 — 6,500 Hz, photoelectric effects
were confined to a brief period (~1 ms) during laser onset and offset, corresponding to the times
when light intensity varied rapidly (Figures 3A and 3B insets). Some of these artifacts resemble
neuronal action potentials, which raises a potential concern of detecting spurious spikes.

Therefore, to correct for such photoelectric effects we excluded all threshold-crossing voltage
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minima events occurring within £0.25 ms of laser onset and offset. This correction was applied

to all data shown in the Results section.

2.7  Analysis of photo-stimulation effects on spike waveforms and noise

To examine whether optical stimulation influences the measured action potential shape, for each
single-unit we calculated the mean waveform of spikes detected from 0 to 1 s relative to laser
onset (“baseline waveform”), and spikes detected from 0 to 0.1 s relative to laser onset (“laser
waveform”). The waveform duration was 1.64 ms, centered on the spike trough. As described
above, spikes occurring within £0.25 ms of laser onset were excluded from the analysis. We then
calculated the Pearson correlation coefficient between the baseline and laser waveforms [28]. To
examine whether optical stimulation impacts the electrical noise level, for each recording site we
calculated the standard deviation (SD) of the voltage from -0.1 to O s relative to laser onset
(“baseline”), and the SD of the voltage from 0 to 0.1 s relative to laser onset (“laser on”). In the
noise analysis we removed transient photoelectric effects by excluding data within +1 ms of laser

onset.

2.8 Analysis of neural activity dependence on optical intensity

Time-varying firing rate was calculated by binning single-unit spike times in steps of 0.2 ms, and
convolving with a Gaussian filter (SD = 1 ms). The change in firing rate caused by optical
stimulation was calculated separately for each unit, as the difference in mean rate between 0 to
0.1 s relative to laser onset (“laser period rate”), and -1 to 0 s relative to laser onset (“baseline
rate”). If a unit’s activity during the laser period exceeded 3 SD of its baseline rate, it was counted
as being significantly excited. The latency to firing was calculated as the time for a unit to reach

2.5 SD of the baseline rate.
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3. RESULTS

3.1 In vivo recording during optical stimulation

To evaluate the performance of the device we carried out recordings in mouse M2 that virally
expressed either Chrimson [29], which depolarizes cells in the presence of light, or YFP, which
served as a control (n = 2 mice per group). Control recordings were needed in order to
characterize photo-stimulation effects on electrical signals and neural activity, in the absence of
any optogenetic phenomena. To maximize the yield of measured neurons, we performed
recordings at multiple locations in the virus injection zone of each animal. Across all recording
sessions we recorded from 56 single-units in the Chrimson* group, and 50 units in the YFP* group,
with a yield of 7 £ 5 (mean = SD, range: 1 — 13) units per session. Optical illumination was applied
continuously for 100 ms at 4 different intensity levels (40 trials per intensity setting, 10 s intertrial
interval).

During the laser stimulus we found electrodes which showed a noticeable increase in spiking
activity in the Chrimson* group (Figure 3A). As expected, there did not appear to be a
corresponding increase in spiking in the YFP* group (Figure 3B). In both groups we also observed
fluctuations of several hundred microvolts in the filtered signal (600 — 6,500 Hz) during laser onset
and offset, consistent with photoelectric effects that occur on metallic electrodes [26]. Some of
these artifacts resemble extracellular action potentials, raising the possibility that these events
could be spuriously detected as spikes, thus contaminating the data. To mitigate this potential
problem, we took advantage of the transient nature of photoelectric artifact signals, and excluded
any spike-like signals detected within £0.25 ms of laser onset and offset (Figures 3A and 3B
insets). Since neuronal response times to Chrimson-mediated stimulation typically exceed 1 ms
[29], our exclusion criterion is unlikely to significantly impact the analysis of neural activity.

Furthermore, for a hypothetical cell firing at 10 Hz the probability that it will fire a spike during the
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exclusion period around laser onset is just 10 s x 0.0005 s = 0.5 %. Therefore, our approach to
correcting for photoelectric artifacts is unlikely to adversely impact the results.

To determine whether the laser stimulus caused any other unwanted distortions in the
electrophysiological signals which could confound the data analysis, we compared the mean
spike waveform of each unit during laser off and on conditions (Figure 3C) [28]. There was a high
correlation (r > 0.95) between the mean laser off and on waveforms, indicating that for the majority
of measured units the optical stimulus did not significantly alter the shape of extracellular action
potentials (Figures 3D, 3E). We also examined the extent to which the laser altered the total root-
mean-square noise level measured in vivo. Across all electrode recording sites (n = 38 channels)
we found a statistically significant increase in noise (paired t-test, Chrimson* group: p = 0.026,
Figure 3F; YFP* group: p = 0.012, Figure 3G). However, the increase was small — less than 1
MV, which is low relative to the total noise. Since the lowest action potential amplitude was set to
30 uV, the optically induced noise increase does not appear to influence the ability to detect spikes
in these measurements. Taken together, the results show that the optoelectronic probe is capable

of recording spiking activity during optogenetic stimulation, with relatively little signal distortion.

3.2 Dependence of neural activity on optical intensity

Next we examined how neural activity was modulated by stimulation at different light intensities.
On a subset of units in the Chrimson* group, spiking intensified at higher emission intensity
(Figure 4A) with the threshold for activation between 65.5 — 131 mW/mm?2. Across all units in the
Chrimson* group, the optically evoked change in firing rate scaled positively with emission
intensity (Figure 4B). In contrast, firing rate in the YFP* group did not increase under higher
intensity, and in fact there was a small but statistically significant decline in firing at the highest
intensity setting (Figure 4C). The fraction of significantly excited cells was also higher in the
Chrimson* compared to the YFP* group (Figure 4D). The fraction of significantly excited cells

appeared to saturate beyond an intensity of 131 mW/mm?2. We also noted a small reduction in
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the fraction at higher intensity, but the difference between the values at 131 mW/mm? (16.1 % of
56 = 9 cells) and 262 mW/mm? (14.3 % of 56 = 8 cells) was not statistically significant (chi squared
test, p > 0.99). Finally, we characterized the response time of significantly excited units to optical
stimulation (n = 8 units in the Chrimson* group, Figure 4E). The latency of evoked firing at 131
mW/mm? was 18 £ 10.5 ms (mean £ SD), and at 262 mW/mm? the latency was significantly
reduced to 10.4 + 5.9 ms (paired t-test, p = 0.008, Figure 4F). Together, these results
demonstrate that the optoelectronic probe can simultaneously manipulate and monitor neural

activity in the awake mouse motor cortex.

4. DISCUSSION
The rapidly growing field of neurophotonics is seeing promising demonstrations of integrated
optical and electrical microstructures for optogenetic stimulation and recording [6]. However, an
enduring challenge is scalability — how to increase the number of optical emission and electrical
recording sites. Here we have presented a potential path to resolving this issue, using electron
beam lithography to produce nanofabricated optical and electrical device features. Due to the
narrow width of the optical waveguides and electrical wires, the number of stimulation and
recording sites can be scaled up without requiring a correspondingly larger and thus more
invasive silicon probe [23, 30-32]. Even though electron beam lithography is used, the critical
dimensions of both the optical and the electrical components of the probe are well within the range
of deep UV lithography so they can be produced in mass quantities at commercial semiconductor
foundries [19], facilitating widespread dissemination. This technology has numerous applications
in neuroscience including optogenetic tagging, and examining how genetically and anatomically
defined circuits regulate animal behavior, neural activity, and computation.

Light emission in our device relies on an external source of (laser) illumination, coupled to the
optical waveguides on the probe via an optical fiber and ICE. These coupling elements are

commercially available, which could help facilitate the widespread distribution of the



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

optoelectronic probe technology in the future. It is also straightforward to scale up the number of
light emission sites that are coupled to the external laser [33], enabling optogenetic stimulation of
larger populations of neurons. However, a potential disadvantage of using an external light
source is the limited number of independently addressable optical channels. The probe presented
here emits light from all emission sites simultaneously. This simplifies the assembly process, but
restricts the spatial selectivity of light. We therefore anticipate that the scalability of our technology
will be most useful in applications requiring widespread illumination to optogenetically stimulate
as many neurons as possible near the electrical recording sites [10]. In contrast, local sources of
light such as micro-LED arrays patterned directly on the implanted probe are likely to be better
suited for applications requiring dynamically configurable spatially patterned illumination [17, 34].
Alternatively, instead of using an ICE to couple light from external lasers, LEDs or laser diode
(LD) arrays could be mounted directly on the PCB. This method has the advantage of avoiding
the high optical losses occurring between the ICE and grating coupler. Using LED/LDs on the
PCB also lowers the overall cost of manufacturing. Each LED/LD can be coupled to a separate
waveguide and controlled separately to enable dynamic spatial control of the light emission.

A common problem with combining optogenetics with metallic extracellular electrodes is the
presence of photoelectric artifacts during optical stimulation. While these artifacts were also
present in measurements with our probe, in the spike frequency range they were confined to a
~millisecond period around the onset and offset of the optical pulse — a timescale that is shorter
than the typical latency of neural activation. We therefore estimate that photoelectric effects in
these probes will not pose a significant problem for long duration and low frequency (duration
greater than ~50 ms and frequency less than ~10 Hz) light pulses. However, shorter duration or
higher frequency pulses may significantly interfere with our ability to measure single-unit spikes.
In those applications, non-metallic electrodes and polymer-based substrates, which do not exhibit

photoelectric effects, may be more favorable [14, 18, 35].
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In conclusion, this is one of the first optoelectronic probes to use nanofabrication techniques
to integrate optical stimulation and electrical readout functions on the same structure. The
miniaturization capabilities afforded by these fabrication methods offer the prospect for developing
a scaled up version of this multifunctional device for massively parallel optogenetic manipulation

and electrical recording of neural dynamics.
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FIGURE CAPTIONS

Figure 1

Figure 1 Images of the optoelectronic probe and its components.

(A) Optical image of the probe.

(B) Higher magnification view of a section of the probe, showing the optical grating coupler and
electrodes.

(C) Scanning electron microscope image of the SiN grating coupler.

(D) Scanning electron microscope image of the gold electrode with exposed window in the

encapsulating layer of silicon dioxide.
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Figure 2

A

in-line coupling element
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Figure 2 Images of the assembled probe with optical output.

(A) The probe assembled on the PCB. The ICE is aligned to the probe and attached to the PCB
with epoxy. The green laser is turned on at a high power to show scattered light from the
probe.

(B) Dark-field optical image of the probe when the green laser is turned on. Emission from the
three grating couplers can be seen. Inset shows a high magnification view of the prong
coupled to the laser. Inset scale bar = 100 pm.

(C) Three emitted optical beams (one per output grating coupler) are shown to be collimated and
propagating in agarose with an emission angle of 10° perpendicular to the probe insertion

angle.
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Figure 3
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Figure 3 Combined optical stimulation and electrical recording with the probe.

(A) Time-varying voltage of 4 channels recorded from a Chrimson* mouse, in response to a 100
ms optical stimulus. Left and right insets respectively show an expanded view of the
photoelectric artifacts occurring at the time of laser onset and offset (solid green lines). The
dashed green lines indicate the £0.25 ms time windows centered on laser onset and offset,
which are excluded from the analysis of spiking activity. Signals are background-subtracted
and filtered from 600 — 6,500 Hz.

(B) Same as A but for 4 channels recorded from a YFP* mouse.

(C) Mean spike waveform of 4 putative units during baseline (black lines) and laser on conditions
(green lines). There is a high correlation between the waveforms during baseline and laser
on conditions (r > 0.99). The top 2 waveforms are from Chrimson* group, and the bottom 2
waveforms are from the YFP* group.

(D) Cumulative fraction of units as a function of the correlation coefficient between their

waveforms during baseline and laser on conditions. Data represent n = 56 units from the

Chrimson* group.
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(E) Same as D but data represent n = 50 units from the YFP* group.

(F) Comparison of standard deviation of the voltage per channel during baseline and laser on
conditions. Data represent mean + standard error on the mean (SEM) of 38 channels from
the Chrimson* group. The laser significantly increased the average noise level (paired t-test,
p = 0.026).

(G) Same as F but data represent mean + SEM of 38 channels from the YFP* group. The laser
significantly increased the average noise level (paired t-test, p = 0.012). All data in this figure

correspond to the maximum emission intensity setting (262 m\W/mm?).
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Figure 4
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Figure 4 Optical modulation of neural activity at different emission intensity.

(A) Spike raster of 2 units (top and bottom rows) recorded from the Chrimson* group. Each
column represents a different optical emission intensity at each output grating coupler. Values
in parentheses indicate the corresponding power per grating coupler.

(B) Change in firing rate during optical stimulation relative to baseline, as a function of optical
intensity. Data represent n = 56 units from the Chrimson* group. There was a significant
effect of intensity on firing rate (one-way repeated-measures ANOVA, F = 6.9, p = 0.006).
Post-hoc multiple comparisons analysis revealed that firing rate at 6.55 mW/mm? was
significantly lower than the rate at 65.5 mW/mm? (p = 0.015), 131 mW/mm? (p = 0.02), and
262 mW/mm? (p = 0.012).

(C) Same as B but data represent n = 50 units from the YFP* group. There was a significant
effect of optical intensity on firing rate (one-way repeated-measures ANOVA, F = 4.1, p =
0.021). Post-hoc multiple comparisons analysis revealed that firing rate at 6.55 m\W/mm? was
not significantly different than the rate at 65.5 mW/mm? (p = 0.13) or 131 mW/mm? (p = 0.99),

but was significantly higher than the rate at 262 mW/mm? (p = 0.008).
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(D) Fraction of significantly excited units during the laser stimulation period in the Chrimson*
(black) and YFP* (red) groups.

(E) Mean normalized time-varying firing rate of the 8 out of 56 units in the Chrimson* group, which
were significantly excited by the laser at 262 m\W/mm?. The green bar indicates the duration
of the optical stimulus. Units are plotted in order of their latency to firing.

(F) Latency to firing of the 8 units in E at an intensity of 131 and 262 mW/mm?2. There was a

significant reduction in latency at higher intensity (paired t-test, p =0.008).



